RS. Ascorbic acid improves brachial artery vasodilation during progressive handgrip exercise in the elderly through a nitric oxide-mediated mechanism. Am J Physiol Heart Circ Physiol 310: H765-H774, 2016. First published January 22, 2016; doi:10.1152/ajpheart.00817.2015.-The proposed mechanistic link between the age-related attenuation in vascular function and free radicals is an attractive hypothesis; however, direct evidence of free radical attenuation and a concomitant improvement in vascular function in the elderly is lacking. Therefore, this study sought to test the hypothesis that ascorbic acid (AA), administered intra-arterially during progressive handgrip exercise, improves brachial artery (BA) vasodilation in a nitric oxide (NO)-dependent manner, by mitigating free radical production. BA vasodilation (Doppler ultrasound) and free radical outflow [electron paramagnetic resonance (EPR) spectroscopy] were measured in seven healthy older adults (69 Ϯ 2 yr) during handgrip exercise at 3, 6, 9, and 12 kg (ϳ13-52% of maximal voluntary contraction) during the control condition and nitric oxide synthase (NOS) inhibition via N G -monomethyl-L-arginine (L-NMMA), AA, and coinfusion of L-NMMA ϩ AA. Baseline BA diameter was not altered by any of the treatments, while L-NMMA and L-NMMA ϩ AA diminished baseline BA blood flow and shear rate. AA improved BA dilation compared with control at 9 kg (control: 6.5 Ϯ 2.2%, AA: 10.9 Ϯ 2.5%, P ϭ 0.01) and 12 kg (control: 9.5 Ϯ 2.7%, AA: 15.9 Ϯ 3.7%, P Ͻ 0.01). NOS inhibition blunted BA vasodilation compared with control and when combined with AA eliminated the AA-induced improvement in BA vasodilation. Free radical outflow increased with exercise intensity but, interestingly, was not attenuated by AA. Collectively, these results indicate that AA improves BA vasodilation in the elderly during handgrip exercise through an NO-dependent mechanism; however, this improvement appears not to be the direct consequence of attenuated free radical outflow from the forearm. (14, 46, 47, 51) . Thus the underlying mechanism of age-related endothelial dysfunction has been postulated to be a consequence of the degradation of NO by free radicals leading to a fall in NO bioavailability (9, 11, 24) . However, direct evidence that improved endothelial vasodilatory function in the elderly treated with antioxidants is a result of attenuated free radicals is lacking. Endothelial function has been commonly assessed by the measurement of brachial artery (BA) FMD following ischemic cuff occlusion (10, 20, 25, 33, 40, 56) . However, the NO dependence of this type of FMD testing has been questioned (41, 43, 53, 58) , potentially limiting the utility of this assessment. In contrast to FMD, progressive handgrip exercise evokes stepwise increases in shear rate and dilation of the BA and may therefore provide a more comprehensive approach to the study of BA vasodilatory capacity. Recently, our group utilized progressive handgrip exercise to examine the contribution of NO to BA dilation and documented that BA dilation is 70% NO dependent with this model (57). Furthermore, we have demonstrated that endothelial vasodilator function, assessed by progressive handgrip exercise, is attenuated in the elderly (18, 52), a segment of the population recognized to exhibit impaired endothelial function (16, 20, 22, 47, 48) . These findings suggest that progressive handgrip exercise provides a robust assessment of NO-mediated endothelial function that can be used to further investigate the mechanisms contributing to endothelial dysfunction with age.
THE CAUSAL LINK between an age-related increase in free radicals and endothelial dysfunction is an attractive hypothesis that is supported by improved vasodilation in the elderly in response to physiological [e.g., handgrip exercise and flowmediated dilation (FMD)] and pharmacological (e.g., acetylcholine infusion) stimuli following ascorbic acid (AA) infusion or acute oral antioxidant administration (18, 47, 55) . Importantly, the exogenous antioxidant-induced improvements in endothelial vasodilator function with advancing age are abolished after the inhibition of nitric oxide synthase (NOS), revealing a critical role of nitric oxide (NO) (14, 46, 47, 51) . Thus the underlying mechanism of age-related endothelial dysfunction has been postulated to be a consequence of the degradation of NO by free radicals leading to a fall in NO bioavailability (9, 11, 24) . However, direct evidence that improved endothelial vasodilatory function in the elderly treated with antioxidants is a result of attenuated free radicals is lacking.
Endothelial function has been commonly assessed by the measurement of brachial artery (BA) FMD following ischemic cuff occlusion (10, 20, 25, 33, 40, 56) . However, the NO dependence of this type of FMD testing has been questioned (41, 43, 53, 58) , potentially limiting the utility of this assessment. In contrast to FMD, progressive handgrip exercise evokes stepwise increases in shear rate and dilation of the BA and may therefore provide a more comprehensive approach to the study of BA vasodilatory capacity. Recently, our group utilized progressive handgrip exercise to examine the contribution of NO to BA dilation and documented that BA dilation is 70% NO dependent with this model (57) . Furthermore, we have demonstrated that endothelial vasodilator function, assessed by progressive handgrip exercise, is attenuated in the elderly (18, 52) , a segment of the population recognized to exhibit impaired endothelial function (16, 20, 22, 47, 48) . These findings suggest that progressive handgrip exercise provides a robust assessment of NO-mediated endothelial function that can be used to further investigate the mechanisms contributing to endothelial dysfunction with age.
Therefore, using progressive handgrip exercise, this study sought to determine whether AA improves endothelial vasodilatory function in healthy older individuals by an NO-dependent mechanism that attenuates free radical outflow across the exercising forearm, thereby resulting in improved NO bioavailability. We hypothesized that 1) AA will improve endothelial function through an NO-mediated mechanism and 2) AA will attenuate the increase in free radical outflow from the forearm during progressive handgrip exercise. To test these hypotheses we measured BA vasodilation during progressive handgrip exercise at multiple workloads during the control condition, NOS inhibition with N G -monomethyl-L-arginine (L-NMMA), AA infusion, and combined NOS inhibition with AA infusion in healthy older subjects. Free radical outflow from the working forearm was assessed in each of the aforementioned conditions to determine whether AA infusion improved NO-dependent vascular function by directly quenching free radicals.
METHODS

Subjects.
Seven older healthy subjects (n ϭ 3 men, n ϭ 4 women; 69 Ϯ 2 yr) were enrolled in this study. All subjects were nonsmokers, and none was performing any regular exercise. Subjects were not taking any prescription medications, including hormone replacement therapy in the women, and were free from overt cardiovascular disease. Protocol approval and written informed consent were obtained according to the University of Utah and the Salt Lake City Department of Veterans Affairs Medical Center (VAMC) Institutional Review Boards, in accordance with the principles outlined in the Declaration of Helsinki. All data collection took place at the Utah Vascular Research Laboratory (UVRL) located in the Salt Lake City VAMC. Peripheral and central hemodynamic responses to handgrip exercise in the control and L-NMMA conditions have been reported previously (52) and are included here to provide a reference for the AA conditions.
Protocols. Subjects performed a minimum of two familiarization trials ϳ1 wk prior to the experimental day. Maximal voluntary handgrip strength was determined, as measured by maximal voluntary contraction (MVC), and the progressive handgrip exercise protocol to be used during the experimental trials was performed during these familiarization trials.
On the experimental day subjects reported to the laboratory between 7:00 and 8:00 AM after an overnight fast. With sterile technique, an arterial catheter (Arrow, 18 gauge, 20 cm) was placed in the BA of the exercising arm after local anesthesia (2% lidocaine) ϳ10 cm distal to the axilla and advanced 6 -8 cm in the retrograde direction. The catheter was placed in the upper portion of the arm just below the axillary fossa to ensure that infusate entered the artery upstream to the ultrasound Doppler sample volume, allowing the direct local effect of the infusate on BA diameter and blood velocity to be assessed. A venous catheter (Arrow, 18 gauge, 20 cm) was placed in the antecubital vein of the exercising arm being studied and advanced in an antegrade direction ϳ10 cm.
After a 30-min recovery from the catheter placement, baseline control measurements were made. Subjects then performed dynamic rhythmic handgrip exercise (1 Hz) with a commercially available handgrip dynamometer (TSD121C, Biopac Systems, Goleta, CA) interfaced with an analog-to-digital conversion system. Guidance was provided by a metronome, accompanied by real-time visual feedback of dynamometer force. Subjects were encouraged to perform rapid contractions with the goal of limiting contraction time to Ͻ25% of the duty cycle. Subjects exercised at 3, 6, 9, and 12 kg. Each exercise stage was performed for 2.5 min, and a 1-min rest was allotted between each work rate to limit fatigue. With the exception of the 2-h washout period following the L-NMMA trial, the rest period between trials was 30 min. The extended washout period following L-NMMA was employed because of previous data revealing that at least 1 h is required before forearm blood flow returns to baseline values after an infusion of L-NMMA (17) . The experimental protocol is presented in Fig. 1 .
L-NMMA and AA infusion. Lower and upper arm volumes were determined anthropometrically (30) Values are means Ϯ SE. Normal ranges for blood chemistry measures are presented for reference. lated as follows: total arm volume (dl) ϭ forearm volume ϩ (upper arm ϫ 0.5). A portion of the upper arm was included in this calculation because of the proximal location of the arterial catheter.
L-NMMA (Bachem) was diluted from 250 mg of lyophilized powder in normal saline to a concentration of 2.5 mg/ml. L-NMMA was infused at a priming dose of 0.48 mg/dl arm volume for 5 min prior to exercise. During baseline measurements and handgrip exercise L-NMMA was infused at a maintenance dose of 0.24 mg/dl arm volume. Previously, in young subjects, we demonstrated no further reduction in BA blood flow by increasing the infusion rate from 0.24 to 0.48 mg/dl arm volume (57) . Handgrip exercise commenced 3 min after switching to the maintenance dose.
AA (Bioniche Pharma) was diluted from 50 mg/ml in normal saline. AA was infused at a priming dose of 8 mg/dl arm volume for 10 min. During baseline measurements and handgrip exercise AA was infused at a maintenance dose of 3.2 mg·dl arm volume Ϫ1 ·min Ϫ1 . A similar AA infusion regimen has been used previously to improve exercise-induced vasodilation in older individuals during low-intensity handgrip exercise (14, 34) .
Measurements. Simultaneous measurements of BA blood velocity and vessel diameter were performed with a Logiq 7 ultrasound Doppler system (GE Medical Systems, Milwaukee, WI) operating in duplex mode. The Logiq 7 was equipped with a linear array transducer operating at an imaging frequency of 14 MHz. Blood velocity was obtained with the same transducer with a Doppler frequency of 5 MHz. All blood velocity measurements were obtained with the probe appropriately positioned to maintain an insonation angle of 60°or less. The sample volume was maximized according to vessel size and was centered within the vessel on the basis of real-time ultrasound visualization. Mean velocity values (V mean, angle-corrected and intensity-weighted area under the curve) were automatically calculated with commercially available software (Logiq 7). End-diastolic electrocardiogram (ECG) R wave-gated images were collected via video output from the Logiq 7 for off-line analysis of BA vasodilation using automated edge-detection software (Medical Imaging Applications, Coralville, IA). Using arterial diameter and V mean, BA blood flow [Vmean(vessel diameter/2) 2 ϫ 60] and shear rate (8Vmean/BA diameter) were calculated.
Heart rate (HR) was monitored from a standard three-lead ECG. Arterial blood pressure measurements were collected continually from within the BA, with the pressure transducer placed at the level of the catheter (Transpac IV, Abbott Laboratories). Mean arterial pressure (MAP) was calculated with the time integral of the directly measured arterial waveform. Stroke volume (SV) and cardiac output (CO) were determined with a Finometer (Finapres Medical Systems, Amsterdam, The Netherlands). SV was calculated with the Modelflow method, a validated model (50) that uses an algorithm to compute the aortic flow waveform from an arterial blood pressure pulsation by simulating a nonlinear, self-adaptive (3-element windkessel) model of the aortic input impedance (Beatscope, version 1.1, Finapres Medical Systems). CO was then calculated as the product of HR and SV.
Blood assays. In all trials arterial and venous blood samples were obtained at baseline, after infusion, and during 6 and 12 kg of handgrip exercise for the direct assessment of free radicals by electron paramagnetic resonance (EPR) spectroscopy (see EPR-specific methods below). Markers of oxidative stress and antioxidant status were also assayed in postinfusion venous blood samples to assess redox balance prior to handgrip exercise. Specifically, total antioxidant capacity was assessed by the ferric reducing ability of plasma (FRAP) assay (Cayman Chemical, Ann Arbor, MI) [coefficient of variation (CV) ϭ 3.3%]. Plasma AA levels were determined with a commercially available assay kit (CosmoBio, Carlsbad, CA) (CV ϭ 6.0%). Quantitative determination of thiobarbituric acid reactive substances (TBARS) was performed to assess lipid peroxidation (Bioassays Systems, Hayward, CA) (CV ϭ 7.0%). Plasma nitrite levels were measured with a standard fluorometric assay kit (Cayman Chemical) (CV ϭ 9.5%). Additionally, a lipid panel and complete blood chemistry assessment were performed by standard clinical techniques.
EPR spectroscopy and spin trapping. Vascular free radical levels were directly assessed by spin trapping the free radicals in whole blood and then assessing the signal strength with EPR spectroscopy. Free radical outflow from the forearm was determined as the difference in venous minus arterial free radical EPR spectroscopy signal multiplied by blood flow. The EPR spectroscopy and spin trap methods have been described previously (4, 6) . Briefly, 3.0 ml of venous or arterial blood was collected into a glass Vacutainer that contained 1 ml of the spin trap ␣-phenyl-tert-butylnitrone (PBN; 0.140 M). The PBN adduct was extracted from the whole blood with toluene, and the adduct (300 l) was pipetted into a precision-bore quartz EPR spectroscopy sample tube (Wilmad-LabGlass, Vineland, NJ) that had been flushed with compressed N 2. EPR spectroscopy was performed at 21°C with an EMX X-band spectrometer (Bruker, Billerica, MA) and analyzed with commercially available software (Bruker Xenon, version 1.1b.51) with the analyst blinded to experimental condition.
Data and statistical analysis. Ultrasound images and Doppler velocity spectra were recorded continuously at rest and during each exercise stage. During the last 60 s of each ultrasound Doppler segment, V mean was averaged across five 12-s intervals, which were matched with intima-to-intima BA diameter measurements evaluated during diastole. Based on previous work by our laboratory the CV for the assessment of endothelial function with this technique is ϳ16% (57). The contribution of NO to BA vasodilation was determined for both control and AA conditions according to the following calculations: Control: ⌬BAdiameter control Ϫ ⌬BAdiameterL-NMMA and AA: ⌬BAdiameterAA Ϫ ⌬BAdiameterL-NMMAϩAA. Statistics were performed with the use of commercially available software (SigmaPlot 11.0, Systat Software, Point Richmond, CA). A two-way repeatedmeasures analysis of variance (ANOVA) was used to identify significant changes in measured variables within and between drug conditions and groups and across exercise intensities, and post hoc analysis (Fisher least significant difference) was performed when appropriate. Main comparisons were made between control and all other conditions. To assess the impact of NO inhibition in AA conditions, a direct comparison between the AA and L-NMMA ϩ AA conditions was also performed. The effect of the infusion at baseline within a specific condition was tested with a paired t-test. Potential sex-specific differences were not assessed because of the relatively small number of subjects in this study. All group data are expressed as means Ϯ SE. Significance was established as P Յ 0.05.
RESULTS
Subject characteristics. Subject characteristics, including basic blood chemistry, are presented in Table 1 . On average, all blood chemistry measures were within the normal range. All subjects were able to complete the handgrip exercise at a rate of 1 Hz with a resistance of 3, 6, 9, and 12 kg, which corresponded to 13 Ϯ 1%, 26 Ϯ 1%, 39 Ϯ 2%, and 52 Ϯ 2% of MVC.
Peripheral hemodynamics and vascular responses at baseline and during arterial infusions. BA diameter, shear rate, and blood flow were not different at baseline (i.e., prior to infusion) between conditions (Table 2 ). Baseline BA diameter was not altered by any of the infusions (Fig. 2A) ; however, compared with control, L-NMMA and L-NMMA ϩ AA attenuated shear rate (Fig. 2B ) (L-NMMA: Ϫ35 Ϯ 3%, L-NMMA ϩ AA: Ϫ30 Ϯ 7%) and BA blood flow (see Fig. 4A ) (L-NMMA: Ϫ36 Ϯ 3%, L-NMMA ϩ AA: Ϫ28 Ϯ 7%). HR and MAP were not different at baseline between conditions (Table 3) .
Peripheral hemodynamic and vascular responses to handgrip exercise. During the control condition BA diameter increased linearly with increasing handgrip exercise intensity ( Fig. 2A) . AA improved BA dilation at 9 and 12 kg (P Ͻ 0.01). Individual BA vasodilatory responses to control and AA conditions at 12 kg are presented in Fig. 3 . Compared with control, NOS inhibition by L-NMMA and L-NMMA ϩ AA attenuated BA vasodilation across all workloads. Compared with AA, L-NMMA ϩ AA also attenuated BA artery dilation at 6, 9, and 12 kg.
Shear rate was similar between control and AA conditions (Fig. 2B) ; however, L-NMMA and L-NMMA ϩ AA attenuated shear rate at 3 kg by 26% and 22%, respectively. The change in shear rate was similar between conditions at 6, 9, and 12 kg. Compared with AA, L-NMMA ϩ AA attenuated shear rate at 3 kg and tended to evoke a decrease at 6 kg (P ϭ 0.07).
The contribution of NO to BA dilation remained constant during handgrip exercise in the control condition (Fig. 2C) .
Interestingly, during AA infusion, the contribution of NO to BA dilation increased with exercise intensity. At 12 kg the contribution of NO to BA dilation was greater during AA infusion than during the control condition.
BA blood flow increased with each progressive increase in intensity during handgrip exercise in the control condition (Fig.  4A) . At peak intensity BA blood flow during control was 455 Ϯ 55 ml/min. AA did not alter blood flow at the lower exercise intensities; however, blood flow at 12 kg was increased by 12% (AA: 512 Ϯ 61 ml/min, P ϭ 0.013). Individual BA blood flow responses to control and AA conditions at 12 kg are presented in Fig. 5 . L-NMMA and L-NMMA ϩ AA attenuated blood flow at 3 kg by 27% and 18%, respectively, and also tended to decrease blood flow at 6 kg (P ϭ 0.054) compared with control. The impact of NOS inhibition on BA blood flow was completely abolished at the higher exercise intensities, as there were no differences between control and L-NMMA conditions at 9 and 12 kg. L-NMMA ϩ AA, infused in combination, consistently attenuated blood flow across all workloads compared with AA by ϳ12-16%.
Central hemodynamic responses to handgrip exercise. During handgrip exercise, independent of condition, HR increased linearly by ϳ13-17 beats/min ( Table 3 ). The increase in HR during handgrip exercise was not different between conditions. Similarly, SV decreased and CO increased with increasing exercise intensity; however, the changes in SV and CO from baseline were not different between conditions (Table 3) . A significant exercise pressor response was observed during handgrip exercise, and the magnitude of the pressor response was similar between conditions (Fig. 4A) .
Free radical outflow from the forearm and markers of oxidative stress. Free radical outflow during preinfusion and infusion baselines was not different across conditions (Fig. 6) . During progressive handgrip exercise free radical outflow from the forearm steadily increased (Fig. 6 ). AA alone had no impact on free radical outflow during handgrip exercise; however, during the combined L-NMMA ϩ AA infusion free radical outflow was augmented at both 6 and 12 kg compared with control.
AA alone or in combination with L-NMMA greatly increased postinfusion baseline levels of venous AA, FRAP, TBARS, and plasma nitrites (Table 4) . Interestingly, coinfusion of L-NMMA ϩ AA slightly reduced FRAP compared with AA alone; however, FRAP still remained well above the control and L-NMMA conditions.
DISCUSSION
This study sought to examine the mechanistic link between free radicals and the age-related attenuation in vascular function by determining whether AA, administered intra-arterially, improves BA vasodilation in an NO-dependent manner during progressive handgrip exercise by attenuating free radical production. The results of this investigation provide several novel findings that, in combination, question the hypothesis of a direct link between free radicals and vascular endothelial dysfunction in the elderly. First, AA infusion improved BA vasodilation during progressive handgrip exercise through an NO-dependent mechanism as evidenced by the complete elimination of the augmented vasodilatory response when AA was combined with NOS inhibition and AA-induced increase in plasma nitrites. Second, despite this improved NO-dependent vasodilation, AA did not attenuate free radical outflow from the vascular bed of the exercising forearm. Therefore, these findings reveal that AA-induced improvements in BA vasodilation occur through an NO-dependent mechanism that does not appear to be the consequence of attenuated free radicals.
Ascorbic acid improves BA vasodilation through an NOdependent mechanism. The causal link between age-related endothelial dysfunction and free radicals is supported by the finding that acute administration of AA augments endothelial function (20, 47) . Moreover, improved vasodilation during AA infusion in healthy elderly subjects was negated by NOS inhibition, implying that the AA-induced improvement was directly related to an increase in NO bioavailability (47) , which is recognized to be inversely related to free radical concentration. Additionally, AA infusion improved exercise hyperemia during small muscle mass exercise in elderly individuals (34) through an NO-dependent mechanism (14) . Previously, our group reported improved BA vasodilation during progressive handgrip exercise following acute oral antioxidant supplementation with vitamins C and E and ␣-lipoic acid in healthy elderly men (18) . This combination of antioxidants attenuated serum free radical levels at rest and after whole body maximal exercise, indicating a systemic curtailing of free radicals, as assessed by EPR spectroscopy and spin trapping with PBN. However, the NO dependence of the improved BA vasodilation and the impact of the antioxidant supplement on free radical outflow across the working muscle were not directly assessed.
In the present study the AA-induced improvement in BA vasodilation during handgrip exercise likely occurred through an NO-dependent mechanism as evidenced by the complete elimination of the improvement in BA vasodilation by the combined infusion of AA and L-NMMA (Fig. 2A) . The dissociation between resting blood nitrites and the vasodilatory response, especially during the combined L-NMMA ϩ AA trial, is not easily explained but may be due to the extremely short half-life of NO and the ubiquitous nature of this molecule compared with the more stable nitrite that is formed during NO metabolism. Indeed, several prior reports indicate that nitrite levels can actually remain relatively stable in the plasma after interventions that alter NO (23, 32) ; thus a temporal dissocia- tion may limit the interpretation of nitrite as a definitive marker of NO availability in the L-NMMA ϩ AA condition. The NO dependence of the AA-induced improvement in vascular function is further demonstrated by the manner in which NOS inhibition differentially altered BA dilation under control and AA conditions (Fig. 2C) . Specifically, during normal conditions the contribution of NO to BA vasodilation during handgrip exercise remained constant with increasing exercise intensity, despite concomitantly increasing shear stress. Interestingly, although not directly tested in the present study, this finding suggests that compensatory vasodilatory mechanisms may be operating to evoke the linear increase in BA diameter during handgrip exercise in the elderly. This observation supports the concept that with advancing age and disease vasodilatory mechanisms appear to shift from predominantly prostaglandins and NO to endothelium-derived hyperpolarizing factors (7, 8) . In contrast, during the AA infusion the NO contribution to BA vasodilation was augmented in an exercise intensity-dependent manner (Fig. 2C) , suggesting that, perhaps, the mechanotransduction of a given shear rate stimulus through NOS was amplified, leading to an improvement in NO-dependent vascular function. Furthermore, compared with reference data collected in young healthy subjects (57) , AA improved the relationship between BA vasodilation and shear rate in the older subjects such that the age-related impairment in this relationship was abolished (Fig. 7) .
Improved BA vasodilation by AA may not be directly linked to attenuated free radicals. AA is thought to improve vascular function by directly scavenging free radicals, thereby limiting the degradation of NO and improving NO bioavailability (28, 44) . Contrary to our original hypothesis, AA did not attenuate forearm free radical outflow during exercise, revealing a disassociation between free radicals and endothelial function, as measured in this progressive handgrip exercise paradigm. This finding supports the notion that elevated circulating free radicals may not be a prerequisite for endothelial dysfunction (39) . In light of these findings, it is apparent that the AA-induced functional outcome of improved BA vasodilation, while NO dependent, may not actually be directly linked to the level of free radicals flowing from the working muscle.
AA can act to chemically stabilize tetrahydrobiopterin (BH 4 ), an essential cofactor for NOS (26, 27) ; therefore, whenever AA is used to improve in vivo endothelial function it is difficult to determine whether improvements are specific to the enzymatic function of NOS or due to altered NO bioavailability. Indeed, to further complicate matters, NOS function can shift between coupled (NO generation) and uncoupled (superoxide production) states depending on substrate and/or cofactor availability (13, 31, 54) . Therefore, in the present study, it is possible that the augmented BA vasodilation during AA infusion is due, at least in part, to augmented enzymatic production of NO, as NOS inhibition completely abolished the AA-induced improvements ( Fig. 2A) . Interestingly, previous investigations reported that diminished BH 4 availability contributes to the age-associated attenuation in NO-dependent vascular function by uncoupling NOS in both human and animal models (21, 45) . In fact, in elderly humans acute BH 4 supplementation improved BA FMD, signifying a direct association between BH 4 and endothelial function (21) . Additionally, AA may induce rapid changes in the phosphorylation state of NOS, independent of stabilizing BH 4 , leading to enhanced NOS activity (35) . In light of these previous findings and the elevated nitrite levels following AA infusion (Table 4) coupled with a failure to attenuate muscle free radical outflow (Fig. 6) , the present study suggests that AA improved BA vasodilation, at least in part, by enhancing and/or stabilizing NOS activity.
An alternative BH 4 -based explanation for the AA-induced improvement in vascular function in the present study may involve a lowering of oxidative stress resulting in increased BH 4 levels. Elevated oxidative stress, specifically peroxynitrate, rapidly oxidizes BH 4 to an inactive form, dihydrobiop- Fig. 7 . Relationship between shear rate and the change in BA diameter during progressive handgrip exercise. In addition to the present data from older subjects during both the control and AA infusion conditions, previously published control data from young subjects (57) are presented for reference. The slope of the relationship between shear rate and BA vasodilation was significantly attenuated in the old compared with the young (P Ͻ 0.05). AA increased the slope of the relationship between shear rate and BA vasodilation in the old such that the slope of this relationship was no longer different from that in the young (P ϭ 0.98).
terin, resulting in the uncoupling of NOS (12, 36, 37) . However, in the present study such a role of AA is unlikely, as both free radical levels and TBARS, a measure of lipid peroxidation and an indirect marker of oxidative stress, were not attenuated by AA infusion (Table 4 ). In fact, AA elevated TBARS, supporting the prior suggestion that AA can have a prooxidant action when administered at high doses (42) . Importantly, the inhibition of NOS in combination with AA increased free radical outflow during handgrip exercise (Fig. 6) . Although the source of the elevated free radical production during combined L-NMMA and AA is not entirely clear, it is possible that the prooxidant properties of AA may be amplified in the presence of NOS inhibition by increasing the concentration of AA in the plasma. In the context of the present findings, the apparent prooxidant properties of AA were either overpowered by improvements in NO bioavailability or did not directly influence BA vasodilatory capacity. Experimental considerations. EPR spectroscopy provides the most direct, specific, and sensitive technique for the detection and identification of free radicals (3) . Utilizing this technique, our group has previously reported age-related increases in free radicals at rest and during exercise in both the circulation and the active skeletal muscle (4 -6) . However, the chemical spin trap utilized in the ex vivo stabilization of reactants dictates which free radicals are identified. Therefore, the specificity of the spin trap has the potential to effect the conclusions of such a study. Indeed, albeit unlikely, it is possible that the specific free radicals formed during handgrip exercise, and subsequently quenched by AA, were "overlooked" by the PBN spin trap. However, the nature of the free radical species, as determined by the dominant signal of the hyperfine coupling constants, indicates that the O 2 -centered alkoxyl free radicals formed as a consequence of free radical-mediated damage to membrane phospholipids are the predominant species of radicals identified by PBN (4, 6) . Furthermore, using PBN as a spin trap, Ashton et al. (2) reported attenuated plasma free radical levels after 1,000 mg of oral AA both at rest and during exercise. Additionally, in young healthy individuals free radical levels, as measured by PBN adducts, increased in proportion to exercise intensity during knee extension exercise (4, 6) and were, in another study, attenuated by an oral antioxidant at rest and after maximal whole body exercise (18) . Accordingly, PBN appears to be an appropriate spin trap for the present investigation. Regardless, the possibility that non-O 2 -centered free radicals were produced by the handgrip exercise cannot be ruled out. Further investigation utilizing additional EPR spin traps, such as 5-tert-butoxycarbonyl 5-methyl-1-pyrroline Noxide (BMPO), to specifically quantify superoxide, hydroxyl, and thiyl radicals is warranted to better understand the mechanisms by which AA improves BA vasodilation in the elderly. Finally, the lack of an assessment of endothelium-independent vasodilation could be considered a limitation of this study, but as the AA-induced improvement in BA vasodilation was fully abolished with NOS inhibition this is highly supportive of the conclusion that the improvement was, in fact, both NO and endothelium dependent.
Conclusions. In summary, this investigation provides evidence that AA improves endothelial vascular function through an NO-dependent mechanism during progressive handgrip exercise in the elderly. This AA-mediated improvement in BA vasodilation occurred without a concomitant fall in PBN adducts, suggesting that mechanisms other than attenuated free radical outflow contribute to the AA-induced improvement in vasodilatory function. Of note, the role of free radicals not assessed as PBN adducts (non-O 2 -centered free radicals) in BA vasodilation is still unknown and will require further investigation using an array of EPR spin traps. However, this does not negate the novel finding that the attenuation in free radical outflow, as assessed by PBN adducts, is not obligatory for the AA-mediated improvement in vasodilatory function. Therefore, overall, the findings presented here question the attractive hypothesis that age-related vascular endothelial dysfunction is causally linked to free radicals, because an intra-arterial AA infusion during handgrip exercise improved BA vasodilation with no alteration in forearm free radical outflow.
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